Abstract-This paper investigates the influence of critical raindrop diameters on the specific rain attenuation in Durban (29 • 52 S, 30 • 58 E), South Africa. The total rainfall attenuation is evaluated by integrating over all the raindrop sizes and the differential change in the attenuation is observed over a given range of drop size diameters. The major contribution to the specific attenuation for the drop size distribution (DSD) models considered is created by the raindrop diameters not exceeding 2 mm especially at higher frequencies. The three parameter lognormal and gamma distribution models are employed for the purpose of analysis. For the DSD models considered in this work, the total percentage fraction created by raindrops in the diameter range 0.5 mm ≤ D ≤ 2.5 mm and 1 mm ≤ D ≤ 3 mm to the total specific attenuation is found to be critical for the overall and seasonal rainfall attenuation at 2.5 GHz-100 GHz in Durban. It is observed that the total specific attenuation increases with increased frequencies and a higher rainfall rate produces high rain attenuation. In this paper, both the overall and seasonal values of R 0.01 determined for Durban are used.
INTRODUCTION
Attenuation on radio propagation paths is generally caused by various atmospheric components such as gases, water vapour, clouds and rain. Rain attenuation, caused by scattering and absorption by the water droplets is one of the most important signal impairments influencing the attenuation of microwave and millimetre wave (30-300 GHz) [1] . The nearly linear relationship existing between the rainfall rate R (mm/h) and the specific attenuation A s at 35 GHz has been known since 1940s and was successfully tested experimentally for estimating path-averaged rainfall rate in the early 1960s. This linearity was also found to be independent of the (rain) drop size distribution, DSD [2] . The study of drop size distribution (DSD) is however, vital for several application areas such as satellite meteorology, microwave communications, cloud physics and soil erosion [3] . The drop size distribution is an important parameter for the estimation of attenuation due to rain at microwave and millimeter-wave frequency applications because it governs all the microwave and rainfall integral relation.
It has been established that modeling of DSD in tropical and temperate regions is not the same. This is due to the presence of heavy rainfall in tropical regions compared to temperate regions. Measurements of drop size distributions in tropical regions are few when compared to temperate regions where a large database exists. The negative exponential function as proposed by Marshall and Palmer [4] or the Laws and Parsons Model [5] and the gamma distribution model often characterize modeling of raindrop size distributions in the temperate region. However, there is so much uncertainty in the preponderance and estimation of small diameter raindrops due to limitation in the sensitivity of the measuring equipment. These models grossly overestimate the concentration of the small diameter raindrops in the tropical regions hence the Ajayi and Olsen (1985) [6] model was proposed and found suitable for the modelling of tropical rain drop size distributions and equally adequate for the determination of the specific attenuation.
PREVIOUS WORK DONE ON RAINFALL RATE AND DSD MODELS IN DURBAN
Several works have been done by researchers on rainfall attenuation and raindrop size distribution in the tropical and equatorial regions, as well as in Durban (29 • 52 S, 30 • 58 E), South Africa [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . In 2006, Owolawi [10] estimated the M-P parameters for Durban and defined the intercept parameter (drop density per unit volume), N 0 . In his findings, he established a power law relation for the intercept given by N 0 = a 1 R a 2 with a 1 and a 2 were estimated as 1500 and 0.26 respectively. In 2010, Odedina and Afullo [11] proposed the lognormal and the modified gamma distribution models as best fit for the measurements of rainfall in Durban. Afullo [12] , while studying the rain drop size distribution model for the eastern coast of South Africa established that the optimised lognormal and gamma DSD models compete favourably well with the DSD obtained for same tropical regions using the Biweight kernel estimation technique for Durban. While using the Maximum Likelihood Estimation (MLE) technique, Owolawi [13] proposed the lognormal model as the best fit for modeling DSD in Durban. In their study, Alonge and Afullo [14] considered the rainfall drop size distributions for different seasons-summer, autumn, winter and spring; they established that the lognormal model is suitable for summer and autumn; the modified gamma for winter and Weibull distribution is best for the spring season in Durban. The values of R 0.01 for the different season were also estimated. Recently, Adetan and Afullo [15, 16] in separate studies compared the two methods to evaluate the lognormal raindrop size distribution model in Durban and the three-parameter raindrop size distribution modeling for microwave propagation in South Africa. They established that the method of moment (MoM) provides a better technique to estimate the DSD parameters in Southern Africa with the lognormal model giving the best fit. In their findings, they showed that the three-parameter lognormal DSD gives a better fitting and performance when compared with the gamma distribution model. However, the gamma distribution model is also adequate as the error deviation is minimal. In 2011, Akuon and Afullo [17] derived the rain cell sizes for the southern Africa and estimated the overall R 0.01 for Durban as 60 mm/h. The seasonal and overall values of R 0.01 determined by [14] and [17] are used in this work for the evaluation of the drop size distribution, N (D) parameters required for the estimation of the rainfall specific attenuation.
It is worth mentioning at this juncture that no work has been done to determine the influence of particular raindrop channels (or diameters) at which the rain attenuation is affected significantly in Durban and the Southern Africa region. This paper therefore, seeks to investigate these critical diameters that produce a major contribution to the total specific attenuation in Durban. The Mie scattering approximation at temperature of 20 • C for spherical raindrop shape is adopted for the estimation of the scattering functions k and α. In this paper, the lognormal and gamma distribution models are used to characterize the measured rain drop size distribution N (D) in Durban as determined in [15] .
PREVIOUS INVESTIGATIONS ON CRITICAL DIAMETERS
Within the tropical region and other parts of the globe, a number of researchers have investigated the particular contribution of certain drop diameters to the rain attenuation. Lee et al. [19, 20] investigated the DSD for Singapore using the lognormal DSD model and identified the critical range of diameters as 0.771 mm to 5.3 mm. They established that while removing consecutive rain diameters (channels), lower diameters raindrops (< 0.771 mm) contribute insignificantly to the overall specific rain attenuation for the selected rain rates. Similarly, the influence of particular raindrop diameters on rain attenuation was also carried out by Fiser [21] in the Czech Republic. The critical range of diameter contributing to the specific rain attenuation was found to be approximately 0.7-1.5 mm. The prevailing contribution to the specific attenuation was formed by raindrops of diameters not exceeding 2 mm. In Malaysia, Lam et al. [22] while investigating the specific raindrop sizes producing major contribution to the total specific attenuation with R = 120.4 mm/h, established that small and medium-size drops contributed more to the rainfall attenuation as frequency increases. The oblate spheroid raindrop shape was however adopted. Marzuki et al. [23] observed in Equatorial Indonesia that the increasing role of small and medium-sized drops to rain attenuation is proportional to frequency of transmission. In their observation, the drop size that produced the largest contribution to the specific attenuation for rain rate of 10 mm/h did not exceed 3 mm.
In this paper, we investigate the critical raindrop diameters influencing the specific rain attenuation in Durban, South Africa using the spherical raindrop shape at temperature T = 20 • C. Our method is to compute the total rainfall attenuation by integrating over all the raindrop sizes and determine the differential change in the attenuation as observed over a fixed diameter interval, dD j (= 0.1 mm). The diameter ranges contributing 90%, 99%, 99.5%, 99.9%, 99.99% and 100% to the total specific attenuation are also discussed. This range of diameters constitutes the surface area under the curve and along the abscissa regions.
RAINDROP SIZE DISTRIBUTION MODELS AND EXTINCTION CROSS SECTIONS
This section considers the measurements of the raindrop size distribution models employed in the computation of the specific attenuation.
There are several DSD models used for raindrop distribution modelling across the temperate and tropical regions. In this paper, the lognormal and gamma DSD models are employed for the estimation of the rainfall attenuation.
DSD Measurements and Models
Generally, the measured rain drop size distribution N (D j ) from the disdrometer data is the number of raindrops per cubic meter per millimetre diameter (mm −3 m −1 ) as adopted by [24, 25] is given as (1) :
where n j is the number of drops measured in the drop size bin, v(D j ) is the terminal velocity of Gun and Kinzer's [25] water drops in m/s, T is the one-minute sampling time in 60 s, A is the measurement area of the disdrometer given as 0.005 m 2 and dD j is the representative change in diameters interval of the bin in mm. As earlier stated, this work considers the analysis of the data in 0.1 mm diameter interval from consecutive channels (bins). The precipitation rate, R (mm/h) can be determined from the measured DSD data as (2) [24] :
A well-known integral equation of the rain rate R as computed from the DSD model is given by [25] as (3):
Equation (3) must not be violated by any DSD. Disdrometer measurements of raindrop size distribution used for the estimation of the DSD parameters in this paper were obtained from the J-W RD-80 disdrometer readings mounted at the rooftop of the School of Electrical, Electronic and Computer Engineering, University of KwaZulu-Natal, South Africa. Sample data obtained from the disdrometer over a period of about 27 months were above 80,000 samples. It should be mentioned that rainfall samples with overall sum of drops less than 10 were removed (ignored) from the data samples to compensate for the dead-time errors. The instrument is located at an altitude of 139.7 meters above sea level. The location site is free of noise and shielded from abnormal winds.
The Lognormal Distribution Model
The lognormal distribution model as proposed by Ajayi-Olsen (A-O) [6] was primarily for the tropical rainfall. The tropical lognormal model was adopted because of the peculiarity of the South Africa rainfall with tropical region [26] . The model is expressed by [6, 27] in the form of (4) as: (4) where µ is the mean of ln(D), σ is the standard deviation which determines the width of the distribution and N T (concentration of rainfall drops) is a function of climates, geographical location of measurements and rainfall type. One unique feature of the lognormal distribution is that N (D) approaches zero as the drop diameter tends to zero. This model was found adequate and suitable for the modeling of drop size distribution in the tropical regions characterized with heavy rain rates [6] . The three parameters in (4) above are related to the rainfall rate R by [6] in the form (5)- (7) as:
where a 0 , b 0 , A µ , B µ , A σ and B σ are coefficients of moment regression determined using the least squares method of regression technique. The estimated parameters are represented in the scatter plots in Figure 1 as functions of rainfall rates using the method of moment. Recently, Adetan and Afullo [15] proposed the three-parameter lognormal DSD model using the method of moments in a representative form (4) as given by (8)- (10) as:
The Gamma Distribution Model
The three-parameter gamma distribution model in Durban as expressed by Tokay and Short [18] in the form of (11) was similarly studied in [15] with N o (m −3 mm −1−µ ) indicating the scaling parameter, µ (unitless) is the shape parameter, and Λ is the slope parameter in mm −1 . While the shape parameter does influence the slope of the distribution at larger diameter bound, it contributes largely Figure 1 . Scatter plot of the lognormal DSD parameters; N T , µ and σ against rainfall rate R for the disdrometer data in Durban, South Africa. Table 1 . DSD parameters from disdrometer measurements in Durban.
on the curvature of the distribution at small diameters. The gamma distribution is particularly useful in tropical climate regions where the exponential distribution was found to be inadequate [6, 18] .
The parameters in (8)- (10) and (12) above are used in this paper for the computation of the drop size distribution model, N (D). The representative of the parameters discussed in Section 4.1 is shown in Table 1 .
EVALUATION OF THE SPECIFIC RAINFALL ATTENUATION AND THE EXTINCTION CROSS SECTIONS
The specific attenuation A s (dB/km) of microwave due to rain can be computed using (13):
where Q ext is the extinction cross sections which is dependent on the drop diameter D, the wavelength λ, and the complex refractive index of water drop m, which in turn is a function of the frequency and temperature. The extinction cross section Q ext is found by applying the classical scattering theory of Mie for a plane wave impinging upon a spherical absorbing particle. The Mie scattering theory is applied under the assumption that each spherical raindrop illuminated by a plane wave is uniformly distributed in a rain filled medium. Similarly, it is assumed that the distance between each drop is large enough to avoid any interaction between them. For more accurate modeling, the raindrops should be modelled as oblate spheroids. The cross section Q ext can be expressed by [28, 29] as (14):
where a n and b n are the Mie scattering coefficients. The expression of the extinction cross sections, Q ext provided by [11] as a frequency-dependent, power law function with coefficients, k and α is expressed in (15) and adopted in this paper; where k and α are the coefficients that depend on rain rate, temperature, polarization and canting angle.
The Mätzler's MATLAB [30] functions are used for the estimation of k and α. Table 2 shows the computed values of k and α of the power law relation in (15) at frequencies of 2.5 to 100 GHz. The total rainfall attenuation therefore is evaluated by integrating over all the raindrop sizes. Substituting (4) and (15) in (13) for the lognormal DSD model, the total specific rain attenuation is computed numerically over the raindrop diameters as (16): Equation (16) is solvedfrom the incremental values of the specific rain attenuation of (17):
where
Similarly, the total rain attenuation using the extinction cross sections (15) and integrating over the drop diameters gives the specific attenuation for the gamma DSD model in (11), as (19) :
Solving (19) gives (20):
OVERALL DETERMINATION OF CRITICAL DIAMETERS IN DURBAN
The critical diameters are the range of diameters over which the contribution to the rainfall attenuation is predominant. Figures 2(a) and (b) show the overall critical diameters versus the specific rainfall attenuation for the lognormal and gamma DSD models using the overall R 0.01 of 60 mm/h as determined by [17] . In Figure 2 (a), it can be observed that the greatest shift of the attenuation towards drops of lower diameter occurs at the diameter D ∼ 1.4 mm at 10 GHz; while at 100 GHz, it was observed to occur at D ∼ 1.1 mm. For the gamma model in Figure 2 (b), the maximum shift occurs around D ∼ 1.3 mm at 10 GHz and diameter D ∼ 0.9 mm at 100 GHz. This compares well with the results of [21] . The specific attenuation therefore is directly proportional to the surface area under the curve and above the diameters (x-axis). Tables 3(a) and (b) show the total Table 3 . Total rainfall specific attenuation created by drops in the diameter range 0.1 ≥ D ≥ 7 mm at f = 10-100 GHz. (a) Overall (R 0.01 [17] ). (b) Seasonal (R 0.01 [14] ) for the lognormal (L-M) and gamma (G-M) DSD models in Durban. attenuation created by drops size in the diameter interval of 0.1 to 7 mm for the two models. The total specific rainfall attenuation increases with increasing frequency. At frequency above 40 GHz, it can be observed as illustrated in Tables 4 and 5 for the overall and seasonal determination of the critical diameters thatthe drop size diameters creating the prevailing contribution to the total attenuation for all the rain rates considered did not exceed 3 mm (90%). This confirms the result of [23] . Similarly, the role of small drops diameters increases with the increasing frequency for the DSD models as the prevailing contribution of raindrops diameters to the specific attenuation does not exceed 2 mm, especially at higher frequencies. This is observed in Table 6 for the DSD models. Table 4 . Percentage fraction (%) of the overall specific attenuation created by particular diameter intervals to the total specific attenuation at f = 10-100 GHz for R 0.01 = 60 mm/h [17] . Table 5 .
Percentage fraction (%) of the seasonal specific attenuation created by particular diameter intervals to the total specific attenuation at (a) f = 10 GHz, (b) f = 100 GHz for R 0.01 [14] . [14] for Durban are used to estimate the seasonal critical range of diameters in this work. Figures 3 and 4 show the specific attenuation and the range of raindrop diameters at f = 10 GHz, 40 GHz and 100 GHz for the gamma and lognormal DSD models respectively. It can be observed that higher rainfall rates cause higher rainfall specific attenuation and the specific attenuation increases with increasing frequency for all seasons. Similarly as observed in Section 6, the largest Table 6 . Contributions (dB/km) of raindrop diameters to specific attenuation at f = 10-100 GHz. contributions to the specific attenuation for DSD models considered are due to raindrop diameters not greater than 2 mm, for all seasons. Table 7 [14] .
(a) (b) Table 7 . At frequency of 80 GHz and above, the critical range of diameters for the gamma DSD model occurs in the range 0.5 mm ≤ D ≤ 2.5 mm. The highest contribution to the attenuation in the diameter range 4.0 mm ≤ D ≤ 7.0 is observed during the autumn season to be 6.05% (Table 7 (b)). This is very low and insignificant. Therefore, larger diameters contribute little to the specific attenuation.
CONCLUSION
This paper considered the critical range of diameters at which the specific rainfall attenuation is most influenced. Our approach was to evaluate the total rain specific attenuation by integrating over all the raindrop sizes (diameters). The maximum (peak) value of the rain attenuation as found from the DSD models considered showed that the critical range of diameter occurs at the drops diameter in the range 0.5 mm ≤ D ≤ 2.5 mm and 1.0 mm ≤ D ≤ 3.0 mm for both the seasonal and overall values of R 0.01 in Durban. Over 80% of the attenuation at frequencies of 2.5-100 GHz for both the DSD models is created by drop diameters in the range 1.0 mm ≤ D ≤ 3.0 mm for the overall and seasonal values of R 0.01 . The summer and winter seasons tend to have similar critical diameters at the same frequency range as shown in Table 7 . For instance, at a frequency of 80 GHz and above, the critical range of diameters for the gamma DSD model occurs in the range 0.5 mm ≤ D ≤ 2.5 mm. We conclude therefore that these ranges of diameter are critical to the overall determination of rain attenuation in Durban, South Africa. However, at larger diameters in the range 4.0 mm ≤ D ≤ 7.0 mm, the highest percentage contribution to rainfall attenuation was observably small (6.05%). The highest contribution of raindrops diameters to the specific rain attenuation was created by drop diameters not exceeding 2 mm, especially at higher frequencies. This confirms the results of [19] [20] [21] [22] [23] . The percentage contribution as created by given range of diameters at various frequencies and seasons to the total specific attenuation was also investigated. We conclude that at a frequency above 40 GHz, the drop size diameter that gives the largest contribution to the total attenuation for all the rain rates considered does not exceed 3 mm (90%). This is similar to the results obtained by [23] . A good understanding of this rainfall attenuation characteristic will be helpful to properly design adequate fade margin levels, achieve the expected quality of service in a radio communication system operating in the South Africa region and for the purpose of link budget design by the engineers and service providers in this particular area.
FUTURE WORK
Due to some assumptions made in the estimation of the specific attenuation may not be the same as the measured raindrop shape, our next future work will be to compare the results reported in this work with experimental attenuation measurements performed in the same region or attenuation data from satellite communications links.
